The available chlamydial genome sequences have made it possible to comprehensively analyze host responses to all chlamydial proteins, which is essential for further understanding of chlamydial pathogenesis and development of effective chlamydial vaccines. Microplates arrayed with 156 Chlamydia trachomatis fusion proteins were used to evaluate antibody responses in women urogenitally infected with C. trachomatis. Based on both the antibody recognition frequency and titer, seven chlamydial antigens encoded by open reading frames (ORFs) CT089, CT147, CT226, CT681, CT694, CT795, and CT858, respectively, were identified as relatively immunodominant; six of these are encoded by hypothetical ORFs. Antibody binding to these chlamydial fusion proteins was blocked by C. trachomatis-infected but not by normal HeLa cell lysates or irrelevant bacterial lysates. These results have revealed novel immune-reactive chlamydial antigens, not only indicating that the hypothetical ORF-encoded proteins are expressed during chlamydial infection in humans but also providing the proof of principle that the fusion protein-based approach can be used to profile human immune responses to chlamydial infection at the whole-genome scale.
Infection of the urogenital tract with Chlamydia trachomatis is a leading cause of sexually transmitted bacterial diseases worldwide (23) and is also linked to cervical carcinoma (22, 37) . Although C. trachomatis infection is sensitive to antibiotic treatment, many infected individuals do not seek treatment, due to the fact that acute chlamydial infection can be asymptomatic or cause only mild discomfort, and thus they become vulnerable to developing persistent infections (4, 11, 34, 56) , leading to severe complications such as ectopic pregnancy and infertility (28) . Therefore, further understanding of the mechanisms of chlamydial pathogenesis and development of effective preventive strategies are urgently needed. Although previous studies have correlated host immune responses to the major outer membrane protein (MOMP) and heat shock proteins (HSPs) with chlamydial protective immunity and pathogenic responses, respectively (1, 2, 7, 15, 31-33, 35, 37, 39, 40, 52, 58-61, 64) , neither MOMP nor HSP immune responses can account for the overall protective immunity or pathogenic responses induced during chlamydial infection. This is because these antigenicity studies were either focused on a few preselected antigens or based on analysis of denatured proteins or peptides. A comprehensive analysis of all chlamydial antigens at the whole-genome scale in an unbiased assay system is required in order to fully determine the antigenic basis of host protective and pathogenic responses to chlamydial infection.
The available chlamydial genome sequences (42, 51) have made it possible to perform a comprehensive analysis of the antigenicities and immunogenicities of all chlamydial proteins. Our ultimate goal is to develop a protein array assay at a whole-genome scale that can be used to compare the antigenicities and immunogenicities of all chlamydial proteins. To provide the proof of principle, we evaluated the recognition of 156 chlamydial fusion proteins by antibodies from 15 patients with C. trachomatis urogenital infections in the current study. Although the number of proteins analyzed here is only a fraction of the number of proteins encoded by the entire chlamydial genome, seven immune-reactive antigens have already been revealed, five of which represent novel antigens discovered for the first time, demonstrating that the fusion protein approach is useful for profiling antibody responses to chlamydial infection at the whole-genome scale.
Carlsbad, CA). To ensure that each fusion protein is produced with adequate quantities of full-length fusion proteins, induction of fusion protein expression was individually optimized using the following variables: IPTG concentration (0.1 to 5 mM), starting number of bacteria (optical density [OD] , 0.5 to 1.5), incubation temperature (10°C to 37°C), and time (0.5 h to overnight). After protein induction, bacteria were harvested via centrifugation. The bacterial pellets were resuspended in a Triton lysis buffer (1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 75 IU/ml of aprotinin, 20 M leupeptin, and 1.6 M pepstatin in PBS [phosphate-buffered saline at pH 7.5]) and were lysed by short pulses of sonication on ice. After a high-speed centrifugation to remove debris, bacterial lysates were aliquoted and stored at Ϫ80°C. The quality of the expressed fusion proteins was assessed by purifying the fusion proteins from a portion of the lysates using glutathione-conjugated agarose beads (Amersham Biosciences Corp.). The fusion proteins were checked on sodium dodecyl sulfate (SDS)-polyacrylamide gels stained with a Coomassie blue dye (Sigma). Bacterial lysate samples that showed a prominent band at the expected molecular weight position were used for the subsequent microplate array assays.
Arraying chlamydial proteins onto microplates precoated with glutathione. The bacterial lysates containing the fusion proteins were added to glutathionecoated 96-well microplates (Pierce, Rockford, IL) at a 1:10 dilution in PBS with a total volume of 200 l/well. The plates were incubated overnight at 4°C to allow GST fusion proteins to bind to the glutathione immobilized on the plate. To minimize differences in the quantity of fusion proteins captured on the plates between lysate samples, an excessive amount of each fusion protein was used to saturate the glutathione-coated assay plates. We found that 20 l bacterial lysate per well was sufficient for saturating the assay plate if the amount of full-length fusion protein precipitated from the 20-l bacterial lysate was visible on an SDS gel after Coomassie blue staining (data not shown). After two washes with PBS-0.05% Tween (Sigma) and blocking with 2.5% milk in PBS (2.5 g of nonfat dry milk in 100 ml PBS) at room temperature for 1 h, the plates were ready for use.
Use of microplates arrayed with chlamydial fusion proteins to detect human antibodies. Human sera were collected from women seen in the Project SAFE research clinic in San Antonio, Tex., who had been diagnosed with C. trachomatis cervical infections. Women enrolled in this 5-year follow-up study were screened annually for sexually transmitted infections, including chlamydial infection. The diagnosis was based on detection of C. trachomatis-specific nucleic acids in endocervical secretions using a ligase chain reaction method without distinguishing the serotypes of the organisms (Abbott LCX; Abbot Laboratories, Chicago, IL). The sera were collected at the time of clinic visits and stored in aliquots at Ϫ20°C. The human sera used in the current study were from the initial visit. An institutional review board exempt permit is in place for the current study. A total of eight sera from healthy female individuals without C. trachomatis infection were used as negative controls. To minimize the detection of cross-reactive antibodies (human sera may contain antibodies reactive with bacterial antigens that potentially contaminate the microplate wells during the fusion protein array), all serum samples were preabsorbed with bacterial lysates. The bacterial lysates were made in the same way as the fusion protein-containing lysates (see "Cloning of chlamydial genes and expression of chlamydial proteins" above) except that XL1-Blue bacteria transformed with the pGEX-6p-2 vector plasmid alone were used. Note that the bacterial lysates used for preabsorption contain free GST. After preabsorption, both the serum samples from patients and those from healthy individuals were titrated for their ability to recognize chlamydial antigens in an immunofluorescence assay. Although the patient sera displayed high antibody titers (Ͼ1:1,000) in recognizing chlamydial antigens, the healthy sera did not show any significant binding to the chlamydial antigens (Ͻ1:20). For the microplate array assay, the preabsorbed serum samples were diluted in PBS containing 10% fetal calf serum and applied to the microplates with the bound fusion proteins for 2 h at room temperature. After a wash, alkaline phosphataseconjugated goat anti-human immunoglobulin G (IgG; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) in combination with the substrate p-nitrophenylphosphate (Sigma) was used to visualize the primary antibody binding. The human antibody binding to chlamydial fusion proteins was quantitated by reading the absorbance (OD) at 405 nm with a microplate reader (Molecular Devices, Ramsey, MN). In some assays, the human antibody samples were also preabsorbed with lysates made from either HeLa cells alone or C. trachomatis serovar D-infected HeLa cells at 4°C overnight in addition to the bacterial lysate absorption.
Immunoprecipitation and Western blotting. Immunoprecipitation and Western blotting were carried out as described previously (13, 14, 54, 62, 63) . For immunoprecipitation, human sera were bound to protein G/A agarose beads (Amersham Biosciences Corp.) and the bead complexes were used to precipitate bacterial lysates containing the desired chlamydial fusion proteins or chlamydiainfected HeLa cell lysates containing endogenous chlamydial proteins. The precipitates were resolved in an SDS-polyacrylamide gel and transferred to nitrocellulose membranes. The blots were detected with antibodies specific to individual chlamydial proteins (monoclonal antibody 100a to chlamydial protease-like activity factor [CPAF], a mouse antiserum to MOMP, and another mouse antiserum to CT089) as previously described (13, 45, 63) . The primary antibody binding was detected by a goat anti-mouse IgG conjugated with horseradish peroxidase (Jackson ImmunoResearch Laboratories). For Western blotting, which was used to confirm the reactivity of human serum antibodies with chlamydial fusion proteins in the present study, the purified chlamydial fusion proteins were resolved in the SDS gel and transferred to nitrocellulose membranes. The preabsorbed human serum samples, after the appropriate dilution as indicated for individual experiments, were applied to the nitrocellulose membranes. Human antibody binding was detected with a goat anti-human IgG conjugated with horseradish peroxidase (Jackson ImmunoResearch Laboratories). A standard enhanced chemiluminescence (ECL) detection system was used to visualize antibody detection (54) .
Immunofluorescence assay. C. trachomatis-infected HeLa monolayers grown on coverslips for various times as indicated for individual experiments were processed for antibody staining as previously described (24, 57) . For monitoring human serum absorption efficiency, human antibody samples that had or had not been absorbed previously with uninfected or chlamydia-infected HeLa cell lysates as described above were added to the coverslips. The primary antibody binding was visualized with a Cy2-conjugated goat anti-human IgG. The Hoechst DNA dye (Sigma) was used to visualize both host nuclei and chlamydial inclusions. For localization of endogenous chlamydial antigens, antibodies against individual chlamydial proteins raised in mice with the corresponding chlamydial fusion proteins were used in combination with a rabbit anti-chlamydial heat shock protein as primary antibodies. The reactivities of the two primary antibodies were visualized with Cy3-conjugated goat anti-mouse and Cy2-conjugated goat anti-rabbit antibodies together with the Hoechst dye. Images were acquired under an Olympus (Seattle, WA) AX-70 fluorescence microscope using SimplePCI software (Olympus) as previously described (17, 45) .
RESULTS
Development of a microplate assay using chlamydial fusion proteins. A total of 156 chlamydial proteins (Table 1) were selected to establish a microplate-based protein array assay. The 156 chlamydial proteins were expressed as GST fusion proteins. The quality of the chlamydial fusion proteins was monitored on an SDS-polyacrylamide gel. As an example, 26 representative fusion proteins induced under a single protein expression condition were examined on an SDS gel stained with Coomassie blue (Fig. 1A) . In most cases, a dominant band migrating at the expected molecular weight was purified from the corresponding bacterial lysates by using glutathione-conjugated agarose beads, indicating that the GST fusion proteins are readily captured from the bacterial lysates by the immobilized glutathione. For the fusion proteins with obvious degradation and/or contaminated bands (GST-CT101, -CT119, -CT141, -CT449, and -CT618), we further optimized the expression conditions so that a dominant full-length band was produced in each of these samples.
To evaluate whether the GST-chlamydia fusion proteins can be recognized by human antibodies generated during natural chlamydial infection, we reacted the human antibodies with protein G/A-agarose beads and used the bead complexes to precipitate either the bacterial lysates containing the GST-chlamydia fusion proteins or chlamydia-infected HeLa cell lysates containing the endogenous chlamydial antigens (Fig. 1B) . The human antibodies precipitated both the recombinant and endogenous chlamydial proteins CT089 (Fig. 1Ba) , MOMP (Fig. 1Bb) , and CPAF ( Fig. 1Bc) , suggesting that the fusion proteins can be used to detect human antichlamydial antibodies. Identification of immune-reactive antigens recognized by human antibodies. Microplates arrayed with 156 chlamydial fusion proteins were used to measure the reactivities of 15 sera from women urogenitally infected with C. trachomatis (Fig. 2) . The binding of a given human serum to a given fusion protein with an OD four times above the background was determined as positive ( Fig. 2A) . Differences in the number of chlamydial fusion proteins recognized by different human serum samples were observed. For example, serum 14 recognized 18 of the 156 chlamydial fusion proteins, while serum 2 recognized only 2. Although each serum displayed a unique reactivity pattern in terms of the types of chlamydial fusion proteins, many of the 15 sera recognized the same fusion proteins. The number of human sera that positively recognized a given fusion protein is defined as the recognition frequency (Fig. 2B) . Chlamydial proteins recognized at a higher frequency are considered to be more immunodominant during chlamydial infection. Based on the criteria used in previous antigenicity analyses (19, 20, 65) , we considered the chlamydial fusion proteins that were recognized by 8 or more of the 15 human serum samples to be the dominant antigens. Seven out of the 156 chlamydial proteins meet this requirement: CT089 (an LcrE homologue, recognized by 9 human sera), CT147 (a hypothetical protein, recognized by 13 sera), CT226 (a hypothetical protein, recognized by 8 sera), CT681 (MOMP, recognized by 8 sera), CT694 (a hypothetical protein, recognized by 8 sera), CT795 (a hypo- thetical protein, recognized by 9 sera), and CT858 (CPAF, recognized by 14 sera). Since immunodominance of a given protein is also affected by antibody titers, we further compared the titers of antibodies reactive to each chlamydial fusion protein. The raw ODs measured between each serum antibody and chlamydial fusion protein were used to represent the antibody titers, which are summarized in Fig. 2C (accumulative ODs from all 15 antibody samples) and Fig. 2D (average ODs). Interestingly, the seven fusion proteins that were recognized by human antibodies with the highest frequency also maintained the highest accumulative and average ODs. We next pooled the 15 human sera at an equal ratio and reacted the pooled sera with the 156 fusion proteins (Fig. 2E) . The raw ODs obtained with the pooled human serum samples were similar to the average ODs obtained with the individual samples, indicating that the pooled serum samples can be used to measure the overall reactivity of the individual human sera. As a negative control, we pooled sera from eight healthy individuals without chlamydial infection and similarly measured the reactivity of the pooled negative serum samples with the chlamydial fusion proteins (Fig. 2F) . No significant reactivity was found (none of the ODs was near or above 0.2). By considering both the recognition frequency and the titer, we determined that the fusion proteins recognized by Ͼ50% of the human antiserum samples with a raw OD significantly above background (with an average OD equal to or above 0.2) were relatively immunodominant antigens under the current assay conditions. The same seven antigens recognized by eight or more human serum samples-CT089 (LcrE), CT147, CT226, CT681 (MOMP), CT694, CT795, and CT858 (CPAF)-also meet the new requirement for immunodominant antigens. To confirm that the antibody binding to the arrayed fusion proteins is specific to chlamydial antigens, we carried out an additional absorption experiment using the endogenous chlamydial proteins. The pooled patient sera were absorbed with either uninfected (Fig. 3b) or chlamydia-infected (Fig. 3c ) HeLa cell lysates before the sera were reacted with the fusion proteins arrayed on the plate. The antibody binding to all seven immune-reactive fusion proteins was completely removed by absorption with the chlamydia-infected (Fig. 2c) but not the uninfected (Fig. 2b ) HeLa cell lysates.
Antigenicity titration of the identified immunodominant antigens. The pooled sera from either the 15 patients or the 8 healthy individuals were serially diluted and analyzed against the seven immune-reactive antigens and eight other MOMPs by both a fusion protein array enzyme-linked immunosorbent assay (ELISA) (Fig. 4A ) and a Western blot assay (Fig. 4B) . The ODs decreased as the pooled positive serum samples were diluted from 1:100 to 1:12,500 (Fig. 4Aa) , suggesting that the chlamydial protein-specific antibodies were not saturated under these dilutions. The GST-CPAF fusion protein was significantly recognized by the pooled positive sera at a dilution of 1:12,500, CT795 and CT089 at 1:2,500, and CT147, CT226, CT694, and various MOMPs at 1:500, demonstrating that CPAF, CT795, and CT089 are more immunodominant than MOMP regardless of the types of MOMPs analyzed. Comparing the nine MOMPs, higher ODs were obtained with MOMPs from serovars B, Ba, D, E, and L2, all of which belong to the C. trachomatis subspecies B complex, suggesting that the 15 patients were predominantly infected with B complex serovars, most likely serovars D and E, in agreement with the epidemiological finding that both serovars D and E are among the most prevalent C. trachomatis serotypes in individuals with sexually transmitted chlamydial infections (3, 9, 29, 30, 49) . The GSTalone control was not significantly recognized at any dilution. The pooled negative sera from eight normal individuals dis- played a minimal level of reactivity even at a 1:100 dilution (Fig. 4Ab) . The above results, obtained with varying dilutions of human serum samples, not only confirmed the observations presented in Fig. 2 but, more importantly, provided a more detailed analysis of the relative antigenicities of the immunodominant antigens and of the various MOMPs. A Western blot assay was used to confirm the above observations (Fig. 4B) . The same seven immunodominant fusion proteins, together with eight other MOMPs and several control proteins, were used as antigens. A dominant full-length fusion protein band migrating at the expected molecular weight position was identified for each fusion protein sample. When the antigens were detected on the Western blot, the pooled positive serum samples recognized CPAF (Fig. 4B, lane 8 ) at a 1:1,000,000 dilution (Fig. 4Bd) , CT795 (lane 7) and CT089 (lane 2) at 1:100,000 (Fig. 4Bc) , and the rest of the chlamydial fusion proteins at 1:10,000 (Fig. 4Bb) . The control fusion proteins CT112 (Fig. 4B, lane 18) , CT574 (lane 19) , CT606 (lane 20) , and GST alone (lane 21) were not detected regardless of the serum dilution. Among the nine MOMPs, the pooled patient sera preferentially recognized MOMPs from the B complex serovars, including B, Ba, D, E, and L2. The pooled negative sera displayed no detectable reactivity with the chlamydial fusion proteins at 1:10,000 (Fig. 4Be) . These Western blot results were largely consistent with the ELISA data shown in Fig. 4A .
Characterization of the immune-reactive antigens. To evaluate the expression patterns and determine the locations of the endogenous proteins, we generated antibodies against each of the newly identified immune-reactive antigens and used these antibodies to track the endogenous proteins in chlamydia-infected cultures (Fig. 5) . As a control, MOMP was detected completely overlapping with intravacuolar organisms at both early (8-h) and late (48-h) stages of infection, while CPAF was detected only in the infected-cell cytosol at the late infection stage. The hypothetical protein CT226 was detected on the inclusion membrane at the late infection stage but was not detectable at the early stage. The hypothetical protein CT147 was detected during the entire infection course, inside the inclusion at the early infection stage and in the peripheral region of the inclusion at the late stage. The hypothetical protein CT795 was expressed early and appeared to be restricted to some but not all inclusions, while CT694 was detected only at the late stage of infection within the inclusion (mostly overlapping with chlamydial organisms). Finally, CT089 was detected throughout the infection cycle overlapping with the intravacuolar chlamydial organisms, an expression/localization pattern similar to that of MOMP.
FIG. 4. Antigenicity analysis of the immunodominant antigens.
The antigenicities of the seven immunodominant antigens and of MOMPs from eight other C. trachomatis serovars were further analyzed using different dilutions of the pooled human sera, as indicated, by both a fusion protein array ELISA (A) and a Western blot assay (B). Pooled sera from the 15 patients (positive sera) (Aa, Bb, Bc, and Bd) or from 8 healthy individuals without chlamydial infection (negative sera) (Ab and Be) were used. (A) In the ELISA, the positive sera displayed significant recognition of GST-CPAF at 1:12,500, of CT795 and CT089 at 1:2,500, and of CT147, CT226, CT694, and various MOMPs at 1:500. Comparing the nine MOMPs, higher ODs were obtained with MOMPs from serovars B, Ba, D, E, and L2. The GSTalone control was not significantly recognized at any dilution. The pooled negative sera from eight healthy individuals displayed minimal levels of reactivity even at the 1:100 dilution. nd, not detected. (B) In the Western blot assay, the purified fusion proteins were loaded onto an SDS gel and visualized using Coomassie blue staining (a). Human antibody binding to the chlamydial fusion proteins was detected with a goat anti-human IgG conjugate and visualized using ECL. The positive sera recognized CPAF (lane 8) at a 1:1,000,000 dilution (d), CT795 (lane 7) and CT089 (lane 2) at 1:100,000 (c), and the rest of the chlamydial fusion proteins at 1:10,000 (b). The control fusion proteins CT112 (lane 18), CT574 (lane 19) , CT606 (lane 20) , and GST alone (lane 21) were not detected regardless of the serum dilution. The pooled negative sera displayed no detectable reactivity with the chlamydial fusion proteins (e). k, thousand; kk, million.
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DISCUSSION
A comprehensive analysis of human immune responses to chlamydial infection at the whole-genome scale is essential to the search for effective chlamydial vaccines and to determination of the molecular basis of chlamydial pathogenesis. Although the availability of chlamydial genome sequences has stimulated a great deal of interest in using the genome information to search for vaccine candidates and pathogenic determinants (21, 27, 50) , experimental work carried out in this direction has achieved only limited success. This is mainly because it has been difficult to develop a genome-scale assay with each antigen detected at similar amounts and in an unbiased fashion. Assays based on the resolution of endogenous antigens from chlamydial organisms in 2-dimensional gels have numerous problems, including the lack of equal representation of each antigen in the organisms and denaturation of the antigens. In the current study, we have produced 156 chlamydial fusion proteins and developed a subgenomic protein array assay, in which each protein is arrayed at similar amounts and in solution, to analyze human antibody responses to chlamydial infection, which has led us to identify novel immunodominant antigens. This subgenomic array has provided the proof of principle that development of a whole-genome fusion protein array for comprehensive analysis of host immune responses to chlamydial infection is both necessary and feasible in order to search for immunodominant antigens.
Using the subgenomic-scale fusion protein ELISA, we identified seven immune-reactive antigens, including CPAF (CT858), CT795, CT089, MOMP (CT681), CT694, CT226, and CT147. Although both CPAF and MOMP have been shown to be immunogenic in humans (2, 45) , it is not known whether the remaining five chlamydial antigens are immune reactive in individuals urogenitally infected with C. trachomatis. The current report presents the first experimental evidence for the immunogenicity of the five chlamydial proteins in humans. These five immunogenic proteins are encoded by hypothetical ORFs in the chlamydial genome. CT089 is a putative regulatory molecule for the type III pathway (designated LcrE). CT147 is an early-expressed protein that shares homology with stretches of amino acid sequences in EEA1 (early endosomal antigen) (5); however, its function is not clear. CT226 is encoded by an ORF located within a cluster of genes that are predicted to code for inclusion membrane proteins. Our current report presents the experimental evidence confirming the inclusion membrane localization of CT226. Both CT694 and CT795 are chlamydia-specific hypothetical proteins with no significant homology with any other known sequences.
It is not clear why these 7 proteins are relatively more immunodominant among the 156 chlamydial proteins assayed in the same system. In a cell culture system, all of the seven proteins are expressed, although at different time points, and each has its unique distribution pattern, including associating with the organisms or being secreted to inclusion membranes or host cell cytosol. It is likely that the protein expression and/or distribution patterns are not the major determining factors for the relative immunodominance of these antigens. Regardless of the precise FIG. 5 . Characterization of the immune-reactive antigens. C. trachomatis-infected HeLa monolayers grown on coverslips for 8 or 48 h were processed for antibody staining. Mouse antibodies against CT089 (a, h, o, and v), CT147 (b, i, p, and w), CT226 (c, j, q, and x), MOMP (d, k, r, and y), CT694 (e, l, s, and z), CT795 (f, m, t, and aa), and CPAF (g, n, u, and ab) in combination with a rabbit anti-chlamydial heat shock protein were used as primary antibodies. The reactivities of the primary antibodies were visualized with Cy3-conjugated goat anti-mouse (red) and Cy2-conjugated goat anti-rabbit (green) antibodies. The Hoechst DNA dye was used to visualize host nuclei (blue). Single-color images were acquired under an Olympus AX-70 fluorescence microscope with SimplePCI software (Olympus, Seattle, WA) (a to g and o to u) and overlaid to form tricolor images (h to n and v to ab). mechanisms that govern these proteins' immunodominance, a more important question is whether immune responses to these immunodominant antigens can be correlated with either pathogenesis or protective immunity. Obviously, a large patient pool with a well-defined clinical categorization has to be analyzed in order to establish any meaningful correlations. The fact that antibody responses, especially the responses of urogenital secretory IgA antibodies, to MOMP (6, 10, 58, 59 ) have been correlated with host protective immunity suggests that it is possible to correlate antigen-specific host responses with host clinical outcomes. It is obvious that animal models are required in order to further determine the relative roles of the antigens identified in chlamydial pathogenesis and immunity.
Surprisingly, none of the heat shock proteins (CT110, CT111, CT604, and CT755) was dominantly recognized by the human serum samples in the current assay, although human antibody responses to these heat shock proteins have been reported previously (1, 7, 44, 60) . This discrepancy is probably due to multiple reasons, including the fact that all human sera used in the current study were preabsorbed with bacterial lysates. Due to the high homology of chlamydial heat shock proteins with other bacterial heat shock proteins, the bacterial lysate preabsorption may have effectively removed the crossreactive antibodies that are able to recognize both chlamydial and other bacterial heat shock proteins. In addition, human antibody responses to chlamydial heat shock proteins have been detected mainly in individuals associated with patients who suffer from more-chronic chlamydial disease conditions, such as tubal scarring and infertility (1) . The lack of antichlamydial heat shock protein antibodies in the 15 patients in this study may be due to the fact that these patients were at the acute stage of infection when the serum samples were collected (data not shown).
Interestingly, the detailed antigenicity analysis of the seven immune-reactive antigens revealed that CT089, CT795, and CT858 (CPAF) were consistently more immunodominant than MOMP under the current assay conditions. However, MOMP has been widely considered the most immunogenic antigen of chlamydial organisms (2, 7, 40, 52, 65) and has been extensively studied as a vaccine candidate (16, 25, 26, 38, 53, 64) . The apparent discrepancy may be due to the following reasons: First, many previous studies used Western blotting and peptide ELISAs to analyze chlamydial antigenicity. In these assays, antigen conformations are dramatically different from their native conformations; therefore, these assays often fail to detect the conformation-dependent antibodies. In the current assay, each chlamydial protein is arrayed onto microplates in solution, and the fusion protein antigens immobilized on the plate are efficiently recognized by human antibodies. Although one should not expect the fusion proteins to maintain the same conformation as that of the endogenous proteins, the soluble GST-chlamydia fusion proteins may represent a significant improvement in preserving the structures required for human antibody recognition. Second, none of the previous studies compared the antigenicities of all proteins encoded by the chlamydial genome. Instead, only a few selected antigens, such as MOMP and HSPs, were analyzed. In the current study, we have extended the antigenicity analysis to 156 chlamydial proteins. Although the 156 proteins represent only a small fraction of proteins encoded by the entire chlamydial genome, they have provided us the opportunity to discover new antigens beyond MOMP. Third, in attempts to compare all chlamydial proteins, many previous studies have used purified chlamydial organisms as the source of antigens (8, 41, 44, 46, 47, 55) , which led to biased results. This is because chlamydial proteins are not equally represented in chlamydial organisms. Chlamydial gene expression is regulated during chlamydial growth, with some genes expressed early and some late (5, 36) . The differential gene expression and the different protein half-lives can dramatically affect the amounts of proteins associated with chlamydial organisms at the time when the organisms are harvested. Constitutively expressed proteins such as MOMP, with a long half-life, are much more abundant than other antigens in the organisms. The antigen abundance alone can dramatically increase the detection sensitivity of the MOMP-specific antibodies. Furthermore, some chlamydial antigens exist only in either reticulate bodies or elementary bodies (48) . More importantly, there are chlamydial proteins that are not even associated, or only minimally associated, with the purified organisms, although these proteins are amply produced during natural infection. These include CPAF, which is secreted into host cell cytosol (63) , and Inc proteins, which are secreted to inclusion membranes (18, 43) . Obviously, antibodies to these proteins are not even detectable when the purified organisms are used as antigens. Therefore, it is not possible to accurately analyze the antigenicities of all chlamydial proteins by using endogenous antigens from chlamydial organisms. To solve these problems, we have tested a fusion protein array assay, in which each of the chlamydial proteins is more or less equally represented, to analyze human immune responses to chlamydial infection, which has led us to discover new antigens that are even more immunodominant than MOMP.
Finally, it is also worth noting that the fusion protein approach has its own limitations, including the potentially insufficient purity of the full-length fusion proteins and differences in conformation between native and fusion proteins. These limitations may lead to an underestimation of immune-reactive antigens and even to biased results. For example, the recombinant MOMP in the form of a GST fusion protein may have a conformation different from that of native MOMP, and this difference can contribute to the reduced immune reactivity of human antibodies with GST-MOMP fusion proteins assayed in the current study. In fact, antigenicity analysis of bacterial membrane proteins has always been a challenge due to the difficulties in maintaining the native conformation of the membrane-anchored proteins in heterologous systems. One strategy for minimizing this problem is to express the extracellular domains of membrane proteins with or without conformational constraints. Alternatively, an immunoprecipitation assay may be used to directly analyze antibody reactivity with metabolically labeled endogenous membrane proteins.
